A three dimensional non-contact surface profilometer system which can measure a wide area (order of square milli-meters) with high resolution (sub micro meter) has been completed. This system can measure the surface topography in the atmosphere by means of a confocal wavelength displacement sensor. We examined the optimum measurement conditions and applied them to the evaluation of erosion properties of particle reinforced metal composites. As a result, a scanning speed of 1 mm/s and sampling intervals of 0.5-15 µm were found to the optimum conditions. In addition, we evaluated the differences of properties in composite materials with different volume fractions using this system. We conclude that our technique is useful in the evaluation of erosion properties of composite materials.
Introduction
Measurement techniques for profiles and micro textures of surfaces are very important to investigate friction and wear phenomena. Figure 1 shows the relationship between resolution and field of view. Many measurement systems, such as the stylus profilometer, SEM and AFM have been used 1) . However, there exist few instruments that can measure a wide area of surface with high normal resolution in height. As a wide range measurable instrument, Togawa and Yanagi, who is one of author of this paper, proposed a robust areal profiling instrument with plane datum and showed high possibility of accurate surface texture assessment 2) . In this study, the properties of this newly developed three dimensional non-contact surface profilometer (3D profilometer) with an optical displacement sensor were investigated from the aspect of application to the tribological surfaces. The effect of the measurement conditions on the three dimensional profiles were discussed. In addition, the impact eroded surfaces of metal matrix composites were measured by the 3D profilometer and their wear volumes were derived by means of the 3D acquisition data. Figure 2 is a photograph of the newly developed profilometer. The developed 3D profilometer consists of a displacement sensor for shape measurement and a Figure 4 shows the confocal displacement sensor system. White light scans on the sample surface and its reflection is received by a spectrometer. Then the displacement of the sample surface is measured by differences of the focal length depending on the wavelength of the irradiated light. Figure 5 shows a schematic diagram of the electric capacitance displacement sensor. It is set up collinear with the confocal wavelength displacement sensor. The vertical displacement of the plane datum D is measured by the capacitance C of a condenser formed by the sensor and the plane datum, and calculated by the following equation.
Newly developed three-dimensional non-contact surface profilometer

Measurement system
Here, ε is the relative permittivity, and S is the area of the plane datum, and C is the capacitance.
Optimum measurement conditions
The effects of scanning speed on the measured surface profiles were examined for a PVD-TiN coated surface with Ra=0.1 µm. The measurements were done over an area of 1500 µm × 1500 µm and with a sampling interval of 5 µm at various scanning speeds of 0.1, 1, 2 and 5 mm/s. At lower scanning speeds, abnormal values appeared due to the motion caused by errors and disturbances. On the other hand, undulation signals appeared at faster speed.
The X-Y table is moved along the measuring distance L (µm) at scanning speed v (mm/s). For each line measurement in the horizontal direction at a given sampling interval dx (µm), the sampling count number per unit time (sec), i.e. the sampling rate, is obtained by (v/dx).
The irregular density of the acquisition data, which is caused by the difference in motion between the initial and stationary periods during the measurement, produces the undulation.
The effects of the sampling interval and the scanning speed on the measured profiles were examined using a commercial calibration specimen with regular asperities. Figure 6 shows the points measured by the newly developed 3D profilometer, together with profiles by a stylus profilometer for the calibration specimen with a roughness of 11 µm P-P.
The measurement data were transformed to an interpolation polynomial by spline interpolation. The error can be evaluated by comparison between the stylus profilometer (2 µm tip radius diamond stylus) and the newly developed 3D profilometer. The variance σ The asperity profile of the calibration specimen can not be measured when the sampling interval is 20 µm and the scanning speed is 0.1 or 5 mm/s. Optimum measurement conditions without undulation and abnormal values are a scanning speed of 1mm/s and sampling intervals from 0.5 to 15 µm. These conditions were also confirmed to be optimal for a calibration specimen with a roughness of 1.4 µm P-P．Therefore, a sampling interval of 1 µm was used in the newly developed 3D profilometer. Table 1 summarizes the specifications of the newly developed 3D profilometer. When comparing our 3D profilometer with commercial instruments, our system which is set up own signal processing software has the advantage of flexible signal processing for each measuring surface. Additionally, our measurement system by moving a specimen on the stage can obtain clearer horizontal resolution and larger measuring range compared with commercial optical profilometers.
Application to evaluation of impact erosion tests of metal matrix composites
Conventional evaluation techniques of wear commonly use the measurement methods of wear depth, mass loss and wear volume. However, for composite materials which consist of a metal matrix and reinforcements, it is difficult to directly convert mass loss measurements into wear volume because of the different densities of the composites. Thus, our newly developed 3D profilometer, which can measure a wide area with high resolution, was applied to the evaluation of wear loss of such composites. We compared the wear properties of composite materials by wear depth and wear volume.
Experiments and test materials
Solid particle impact erosion tests were carried out by a micro slurry-jet erosion test (MSE), which was described elsewhere 3, 4) . The erodent was alumina with an average diameter of 1.2 µm (WA#8000) and 40 µm (WA#320). The concentration of erodent in pure water was 3 mass%. The impact angle was 90 degrees.
The test materials are summarized in Table 2 . The matrix material (base metal) was Ni alloy (composites; Ni, alloyed with Mo, Al, Si, Cr and Fe), and the reinforcements were particles of TiB 2 , NbC or TiC. The volume fractions (Vf) of the reinforcements were 25 and 50%. Vickers hardness of the base metal was HV=880. The hardness of the composites can't be described here because they are under development.
The specimens were disks with a diameter of 16 to 20mm and a thickness of 5 mm. Test surfaces were finished with #1200 emery paper. Their three-dimensional surface roughness Sa was about 0.85 µm. Figure 8 shows a photograph of the MSE wear scar, its measured 3D profile obtained by the 3D profilometer and its line profile produced by the stylus profilometer.
Wear measurements
In order to ensure the reliability of the 3D conditions measurements, the maximum wear depth from the original surface was measured on both profiles for damaged surfaces with various wear depths, see Figure  9 . The wear depths measured by the 3D profilometer were almost the same as those measured by the stylus profilometer. The relation coefficient of these data is 0.97, which is a very good correlation. According to these results, our newly developed 3D profilometer can measure the surface profile with good accuracy. The wear volumes were calculated using three dimensional digital data and their bearing curves by means of commercial image analysis software, i.e. WinRoof 5) . Figure 10 shows the four erosion test results of the composite materials with Vf =7 vol. % of TiC. Here, the erodent was alumina with 40 µm in size. The wear depth curves were scattered because the worn surfaces were locally very rough due to the reduction of reinforcements. On the other hand, the wear volume curves form almost a single straight line, their relation coefficient is 0.99. Here, we calculated the mass loss by means of the metal if the wear loss could be assumed to be produced by the removal of base metal only. The calculated mass loss was too small to measure the real mass loss by a precision balance with sensitivity of 0.01 mg.
Furthermore, the wear losses were evaluated by the 3D profilometer for the composite materials with different reinforcements and Vf in the erosion tests using erodent with 1.2 µm in size. Figure 11 shows the wear curves described by wear depth and wear volume for seven specimens. Regarding the wear depth (Fig.  11a) , no clear difference was seen between the base metal and the composite materials except for that of Vf =50% of TiB 2 . On the other hand, regarding the wear volume (Fig. 11b) , it differed remarkably from the other test materials.
The slopes of the lines of the wear depth and wear volume were calculated by a least square method and Figure 12 shows the relation between Vf and wear volume or wear depth. The wear volumes clearly show differences among the test materials with various reinforcements and Vf better than the wear depths. Figure 13 shows the 3D profile of the whole wear scar and its enlargement using a function of the 3D profilometer, together with a SEM photograph. The surface was found to be eroded locally. We consider this is because the base metal is damaged easily but the reinforcements remain due to their high hardness when erodents attack the surface. This means that the measurement of the wear volume is more meaningful than that of wear depth. Our results suggest that these types of wear damages should be evaluated by means of the volume losses calculated from their surface profiles rather than from mass loss and wear depth measurements. We therefore conclude that our newly developed profilometer is a very useful tool to evaluate the resistance to wear with relatively large and localized damages.
Conclusions
(1) Regarding our newly developed 3D profilometer, we clarified the effects of the measuring condition on the profiles and finally found the optimum condition depends on the scanning speed, for which we recommend 1 mm/s. (2) When applying this measurement system to the evaluation of impact erosion losses for metal matrix composites, no clear differences were seen in the wear depths but the wear volume of the various test materials differed remarkably. (3) Our newly developed 3D profilometer is a very useful tool to evaluate wear with relatively large and localized damages.
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